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Abstract 
Load management systems are increasingly being used in companies to reduce the energy costs of production. However, the success of a load 
management system depends on the quality of the energy consumption estimation. The present approach illustrates the potential to predict the 
energy consumption of individual products and their variants without the need for setting up a new data model. For this purpose, a methodology 
is developed for upgrading any existing material flow model with energetic aspects. The aim of the related work is the generation of a non-
redundant data model with low modeling efforts for the user. 
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1. Introduction 
Predicting energy consumption is an increasingly 
important topic for companies aspiring to control their 
manufacturing power costs. The current trend of electricity 
prices raises the share of energy costs to unit costs. In 
addition, new electricity rates are more unstable. At the 
European Energy Exchange for example, electricity rate 
changes every hour. Attempts to achieve higher energy 
efficiency are often an unsuitable solution for the reduction of 
energy costs, due to the necessity of replacing the equipment. 
Such steps are associated with high investment costs, which 
are often avoided by companies. Therefore, systems for load 
management are commonly deployed to reduce production 
costs.  
For companies the main task of a load management system 
is to schedule the facilities to reduce the electricity rate. 
Methods to achieve this aim are for example:  
x  Decrease load peaks to reduce power rating 
x Shift the power consumption of the facilities to reduce the 
electricity demand during peak usage times 
x Control energy storages and power generators  
x Increase the security of energy supplies by synchronizing 
the load of the company with the power stations 
 
In order to optimize a factory’s load, a detailed estimation 
of the energy consumption is needed. In the electric industry, 
predicting power load is a necessary task in deciding on 
purchasing and generating electric power [1]. For short-term 
load prediction for several days the results are based on 
recorded data and calculated with artificial intelligence 
methods, e.g. neural networks [2,3].  
In production facilities, load-predicting software can use 
data from production planning and control systems. For 
example, capacity planning determines when a machine will 
© 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the International Scientifi c Committee of “The 47th CIRP Conference on 
Manufacturing Systems” in the person of the Conference Chair Professor Hoda ElMaraghy” 
518   Johannes Kohl et al. /  Procedia CIRP  17 ( 2014 )  517 – 522 
be operating in advance. A material flow simulation model is 
an optimal starting point for describing the relevant 
production system flows. Therefore, many approaches for 
predicting the energy consumption of a production facility 
like Hermann [4], Heilala et al. [5], Solding et al. [6] and 
Hesselbach et al. [7] use a material flow simulation tool.  
According to Eckebrecht [8] the energy consumption of 
most production processes is not constant but rather depends 
on several components with specific energy profiles. The 
activation and deactivation of single components is often 
influenced by the kind of manufactured product. In addition, it 
determines the duration and rate of the process to a significant 
degree. As an example, two load profiles of two varying 
joining processes in the field of electric drives manufacturing 
are presented in Fig. 1.  
 
 
Fig. 1. Load profiles for a joining process with different variants. 
As both profiles are generated from the same production 
machine, the different energy amounts have been caused by 
the different process requirements of the manufactured 
product variants. Thus, for the optimization of a production 
line using a load management system, the variant-dependent 
energy consumption has to be involved. However, the setup of 
new databases and data models should be avoided, otherwise 
data inconsistencies can occur in complex constructions with 
a high number of variants.  
2. Theoretical Framework 
2.1. Discrete Event Simulation for material and energy flows 
Being part of the digital factory there are already solutions 
and standards for the use of simulations such as VDI 3633 [9] 
in Germany, which is a standard for the simulation of systems 
in material handling, logistics and production. In addition to 
the benefits during the planning phase of a production line, 
profitable results from a material flow simulation can also be 
made in the production process. Thus, changes in production 
planning or improvements upon existing ideas can be 
simulated and tested for their benefit without risk. In addition, 
the effects of introducing new product varieties into the entire 
production system can be studied before making an 
investment decision [10].  
Computer-based simulation models can generally be 
divided into two paradigms: continuous and discrete 
event [11]. The pros and cons of using one modeling set over 
the other were discussed in several works, for example in 
Pritchett [12] and Bouchhima [13]. For the analysis of the 
material flow, the discrete event simulation is more 
advantageous in analyzing the dynamics of a production 
system [14,15]. Therefore, most commercial software systems 
for process simulation like 3DCreate, Automod, Enterprise 
Dynamics and Plant Simulation are based on the event-driven 
paradigm. 
For the simulation of energy flows the continuous 
paradigm seems to be more suitable for representing the load 
of production processes, since a profile of power values per 
time is suitable for the specification of power consumption of 
a machine state [16]. According to Thiede [17] there are three 
paradigms connecting a material flow simulation with 
environmentally related modeling such as energy simulation. 
In paradigm A, the energy tool analyzes the results of the 
material flow simulation as an external evaluation layer. The 
data connection is unidirectional, so the discrete event 
simulation is not affected by the energy tool. For example the 
latency of a facility for booting from standby into a working 
state, has to be implemented manually. In paradigm B, a 
dynamic coupling of material flow and energy simulation is 
used. In this case, the results of the energy tool can affect the 
variables of the material flow simulation like the standby 
latency. However, a model of the same production system for 
each software tool has to be implemented. This entails a high 
risk of redundancies occurring in the two data models and 
leads to higher development requirements. In paradigm C 
both features are implemented in one application, so they can 
easily affect each other so that only one data model has to be 
developed.  
The present approach follows paradigm C and extends the 
existing categorization with another aspect: Analysis and 
presentation. With the application of such a simulation, the 
question which software can analyze or present the results 
arises. On the one hand, the data can be presented directly in 
the simulation software. On the other hand, the results can be 
exported into a spreadsheet program to use its special features 
such as graphical representation. Since the analysis is carried 
out after the simulation, there are no changes to the model 
itself. Essentially, exporting the results has the benefit of 
further analysis without the need for expensive simulation 
program licenses. Due to the proliferation of spreadsheet 
software, this presentation of results is easier. However, the 
resulting data can be very large when using load profiles with 
a high temporal resolution. The present approach therefore is 
able to analyze the data internally and export the results. The 
export function aggregates the records to a maximum size.  
2.2.  The energy module as an expansion of material flow 
models 
A new energy simulation based on an existing material 
flow modeling tool will be introduced as a result of the 
research projects FOREnergy and Green Factory Bavaria. 
According to Spreng [18], an energy simulation of production 
systems should be universally and easy applicable, not 
computationally intensive and extendable for other sorts of 
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consumption like water, gas, or pressured air. Furthermore, 
the load prediction should depend on the properties of the 
processed product, for example its variant. 
In the present approach, the discrete event simulation 
framework Plant Simulation is chosen as the core software 
due to its modular expansion options. The extension is 
implemented as a modular library – called energy module – 
and is based on the observer pattern. After adding the power 
module to an existing material flow model, all components 
can be configured with a setup dialog of the energy module. 
Therefore, as shown in Fig. 2, the load profiles of processing 
facilities can be imported.  
 
 
Fig. 2. Framework of presented simulation approach. 
The presented energy simulation treats the load profile as a 
variant-specific property of a machine state. The used load 
profile is a list of power values for a given time interval. 
Hereby, only the start and the end of a profile has to be 
determined by the simulation. After each change in the 
machine state, the associated profile is used for the calculation 
of energy consumption. If the processing of a machine is 
interrupted for example by a pause, the machine state change 
will be detected by an observer. The load profile will be 
truncated to the current processing time and stored in a energy 
evaluation table. After the break, another observer procedure 
copies the rest of the profile into the table. Thus, no 
calculations have to be processed between two facility states. 
The energy simulation still uses the discrete event paradigm 
whereas the resulting load profile in the energy evaluation 
table has a continuous character, as intended.  
3.  Implementation of the energy simulation 
3.1. Introducing the energy module in Plant Simulation 
In order to implement the desired energy simulation tool, 
the network oriented modeling of Plant Simulation was taken 
into account. In the given context, the term network is defined 
as the summary of several basic elements to a superior object. 
These basic elements are either given by Plant Simulation or 
consist of other networks already created. Using this structure, 
different hierarchical levels of a plant can be easily created 
and investigated afterwards. In the example of Fig. 3, the 
whole factory is divided into two sections, manufacturing and 
assembly, whereby each of the two sections is represented by 
one network. Furthermore, each section consists of different 
facilities, which again is either modeled as a network or a 
basic material flow element given by Plant Simulation. 
  
 
Fig. 3. Hierarchical division of a factory in networks (modified from [19]). 
This hierarchical structure is taken advantage of by 
extending Plant Simulation with energy aspects. Hereby the 
key element is the energy module, which is a network 
consisting of all required elements and matching methods to 
administrate specific power profiles, to calculate the energy 
consumption of all related plants and to analyze the simulated 
energy data. Once the energy module has been added to an 
existing network, all relevant material flow elements, located 
in the same network, are automatically detected and linked to 
the tool. Starting the simulation, not only the material flow, 
but additionally the energy profiles of the linked network are 
protocolled. To fulfill this purpose, observer procedures are 
used which are automatically invoked if changes in the 
material flow simulation occur. Thus, they allow the 
calculation of energy data without changing already existing 
methods and therefore without influencing the material flow 
model.  
The main target of the observer procedures is to copy the 
appropriate load profile of the current process to the 
continuously updated energy evaluation table. At the end of 
the simulation, this table contains the power values of each 
machine in the network as well as their occurring times. 
Furthermore it automatically computes the total consumption 
of the network by summing up all individual loads in the same 
hierarchy. The module is capable of differentiating between 
certain machine states like Working, Waiting, Setup or 
Blocked. All standard material flow elements given by Plant 
Simulation possess these states. In addition, more complex 
components, like self-defined machines or networks from the 
Plant Simulation library, consist of these basic constituents.  
To enable the energy calculation of such complex systems, 
the respective energy values not only need to be allocated to 
the module in the corresponding network. Rather, they 
additionally have to be assigned to all the hierarchical levels 
located above. For example, the load profiles of machines are 
used to calculate the energy consumption of the respective 
production line, which then again is used to quantify the 
1. Implementing the material-flow model 2. Setup the energy module and importing the measured load profiles of machines
3. Starting the simulation to compute the 
load profile of the whole line or factory
Time Crimping_E-
Drive_10mm²
0.00 s 12013 W
0.10 s 12027 W
0.20 s 12042 W
4. Analyzing the simulated load intern or 
exporting the results
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factory’s consumption. This method can be iterated as often 
as desired. Thus, the energy module is able to parameterize all 
possible material flow elements. 
3.2. Distinction between different product variants 
Moreover, the implementation of the observer procedures 
allows considering the different power profiles of 
miscellaneous product varieties. In order to select the right 
power profile, the observer methods are used to identify the 
present variety as shown in Fig. 4. Therefore, the simulation 
user has to define which attributes must be considered for 
choosing the power profile. As the type and number of 
product properties influencing the energy consumption differ 
for each production step, the energy module enables the 
definition of various energy-relevant attributes for each 
material flow element.  
 
 
Fig. 4. Assignment of the load profile based on the attributes of the station 
and the product. 
A simplified example for this problem located in the sector 
of electric drive manufacturing is illustrated in Fig 5.  
 
 
Fig. 5. Product-related variables influencing the load profile. 
In the given assembly line, the energy consumption of all 
three production steps depends on different impact criteria. In 
the first illustrated step, the insulated copper wire is wound 
around the stacked laminations. As the process time and 
therefore the energy consumption of this task mainly depend 
on the required amount of copper, the particular load profile 
has to be chosen based on the current rotor size. Being wound, 
the stator phases have to in contact with the corresponding 
cable shoes. The energy consumption of this step not only 
depends on the number of copper wires, but also the 
characteristics of both the copper wire and cable shoe’s 
insulation strongly influence the required energy amount. 
Finally, the stator has to be impregnated in order to protect it 
from environmental influences such as corrosive media, 
humidity or mechanical tension. Also, its impregnation 
supports heat dissipation and at the same time prevents 
insulation faults. It is obvious that the impregnation process is 
not only influenced by the stator size but also by the 
characteristics of the used resin.  
The present simulation has been applied to test systems of 
power electronics for validation. In the test line, electronic 
boards are moved into the three test machines by a robot in 
each cycle. The load profiles of the testing facilities and the 
equipping robot were measured and recorded individually. 
The method presented in section 2.2 was performed based on 
an existing material flow model. The predicted total load 
profile of the test line and the corresponding measurement are 
shown in Fig. 6. For confidentiality purposes, the ordinate has 
been replaced by relative units. The simulated load 
corresponds to the measurements with an average error of 
2 %. 
 
 
 
Fig. 6. Load profiles from simulation and measurement. 
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3.3.  Comparison to actual energy tools in Plant Simulation 
The approach implemented differs in several 
characteristics from the state of the art. At first, the energy 
module represents an enclosed system. Due to this 
constitution, the user is able to parameterize the energy 
simulation without being forced to program specific methods. 
Contrary to the energy functions introduced in the new Plant 
Simulation version 11, being able to handle constant energy 
needs, the energy data can be imported, processed and 
analyzed in the form of load profiles by the energy module. 
Moreover, all tables and graphs have an export function that 
allows the analysis of the generated data in an extern 
spreadsheet program. Consequently, the simulation provides 
more precise data, leading to superior guidelines to level the 
energy consumption of a factory. Furthermore, the energy 
module offers a standardized entry mask to define various 
product-related attributes that influence the load profiles of 
particular production processes. Thus, the different energy 
needs for manufacturing varying products can be easily 
considered. With the properties of a discrete event simulation, 
the presented approach also has its advantages, e.g. better 
calculation performance compared to continuous models. 
With a normal desktop computer a complex production line of 
32 facilities can be simulated with 300 times faster. Thus, the 
simulation can be used for an economical design of 
production lines as well as for production planning. Hereby 
the energy module is not only limited to the evaluation of 
electric energy. Instead, all kinds of consumption such as 
water, gas, or pressured air as well as the generation of waste 
like metal shavings can be documented. Consequently, the 
energy module offers the possibility to holistically optimize 
the simulated environment.  
4. Prediction of individual energy costs  
Concerning data processing, one main purpose of the 
described module is the evaluation of energy costs. Therefore, 
it contains a cost calculation algorithm, which has to be 
provided with the company’s energy bill. If the corresponding 
function is enabled at the module, the energy costs of all 
effected machines as well as the resulting energy costs of the 
networks above are calculated. Hereby both the energy 
amount and the time of the energy appearance are considered. 
Afterwards it evaluates the value of all consumed energy 
based on corresponding time-dependent energy prices. Using 
this method, the module is able to quantify the impact of 
varying energy prices around the day as well as additional 
costs caused by weekend work. As shown in equation (1), the 
total energy costs of industrial companies however depend not 
only on the total energy consumption, but also on the demand 
charges.  
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Energy supply companies estimate this additional cost 
factor, as they have to ensure that all affiliated companies are 
provided with sufficient energy. Consequently, they are 
forced to adjust their infrastructure to the highest possible 
energy consumption. The energy module quantifies the 
demand charges based on simulated power peaks. Therefore, 
a particular method is implemented to identify the respective 
maxima per accounting period, e.g. per year or per month. 
The values determined per period are multiplied with the 
demand rate and summed up afterwards, resulting in the total 
demand charges. 
Aside from equipment-specific data, the energy module 
additionally allows the calculation of product-specific costs, 
whereby – as shown in Fig. 7 – each of the simulated product 
varieties can be considered separately. To achieve this goal, 
the observer method detects the present variety and saves the 
corresponding energy amount of the present production step 
temporarily into one of the product’s attributes. Having 
passed all production steps, the simulated data is accumulated 
and interpreted, just before the object is deleted. 
 
 
Fig. 7. Statistic of variants in the energy simulation. 
The evaluation of not only product-specific but also 
variety-specific data enables the possibility to determine the 
exact energy costs of each simulated object. Including energy 
overhead costs for e.g. lightning or heating, the module 
enables a superior approach to the total energy costs per 
product and consequently supports the implementation of a 
material flow cost accounting system according to DIN ISO 
EN 14051 [20]. Finally, it offers detailed data for both the 
Energy Value Stream Method as well as the ABC-Analysis to 
set up the CEIP-Cycle introduced in [21]. 
5. Conclusion 
The present approach entails a module extending a 
common material flow simulation model with energy aspects, 
whereby the focus is located on importing, processing and 
analyzing load profiles instead of constant values. Since many 
different product attributes may influence the energy level of 
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production processes, the module must choose the right load 
profile not only based on the present machine and the 
associated conditions, but also on certain product 
characteristics. To use this function, the user has to define the 
specific property for each variety and afterwards list it in the 
provided dialog in combination with the related process. This 
procedure allows superior energy predictions of production 
lines or even entire factories within the scope of load 
management. Furthermore, it quantifies the variable energy 
costs for each simulated product variety providing more 
transparency in energy-related cost accounting. 
One problem of the introduced approach is that the energy 
module is only capable of including attributes that are known 
and constant for each unit of a defined product variety e.g. 
motor sizes or different types of impregnation. However, 
there are properties that individually change during the 
simulated production processes. As these attributes may also 
influence the material and energy flow – e.g. the heating time 
and the corresponding energy consumption of an oven 
strongly depends on the product’s starting temperature – they 
must be calculated for each single unit. Future work should 
include the implementation of further modules to enable the 
energy module to communicate with dynamically set 
attributes such as the simulated temperature of a product. 
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